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Unproductive  enzyme  adsorption  is an  important  factor  in addition  to  steric  hindrance  of  lignin  that  limits
the  enzymatic  hydrolysis  of lignocellulosic  biomass.  While  both  are  important  factors,  enzymatic  hydroly-
sis of  pretreated  biomass  is  most likely  conducted  in  the presence  of  certain  amount  of  lignin  residues  that
may not  necessarily  present  accessibility  hindrance,  but  can competitively  absorb  the enzyme.  This paper
presents  a study  with  puriﬁed  lignin  samples  to elucidate  the  role  of  unproductive  enzyme  adsorption.  It
appeared  that  lignin  adsorbed  cellulase  quickly  at 4 ◦C  with  adsorption  equilibrium  reached  within  1  h,
similar  to that  observed  for  crystalline  cellulose.  Increasing  temperature  to  50 ◦C (typical  hydrolytic  reac-ignin
nzyme adsorption
teric hindrance
iomass recalcitrance
ellulose hydrolysis
tion condition)  facilitated  the  rate of cellulase  adsorption  on  cellulose  with  a peak  of adsorption  reached
at  0.25  h;  however,  adsorption  on  lignin  was  surprisingly  slower  and  took  over 12  h to reach  equilibrium,
which  was  accompanied  with  a 10-fold  increase  in  adsorption  capacity.  Despite  the  high  adsorption
capacity  of  lignin  (which  is  comparable  to that of cellulose)  at 50 ◦C, the  presence  of  added  lignin imposed
only  minimal  impact  on  the  enzyme  apparent  activity,  most  likely  due  to  the  slow  adsorption  kinetics  of
lignin.
© 201. Introduction
Enzymatic hydrolysis of lignocellulosic biomass for production
f fermentable sugars has been investigated extensively as a crit-
cal step for production of biofuels and other bio-based products
Himmel et al., 2007; Lynd et al., 2002, 2008; Zhang and Lynd, 2004).
hallenges in improving the efﬁciency of the enzymes are associ-
ted with the lignin-induced recalcitrance of biomass (Lee et al.,
009; Mussatto et al., 2008). Due to the insolubility of cellulose,
ellulases have to bind to the solid state substrate to initiate sugar
elease. A recent study has conﬁrmed that the rate of cellulase bind-
ng to cellulose plays a limiting role in determining hydrolysis of
ellulose (Fox et al., 2012). Lignin components of biomass implicate
omplex physicochemical microenvironments that hamper direct
nteractions between the enzyme and cellulose, thereby limiting
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both the enzymatic reaction rate and hydrolysis yield (Öhgren et al.,
2007; Yang and Wyman, 2004).
One way to overcome the recalcitrance of lignocellulosic
biomass is to open the lignin structure through pretreatment
processes. Dilute inorganic acids and steam explosion have been
shown promising in fractionating cellulose, hemicellulose and
lignin components from biomass (Alvira et al., 2010; Mosier et al.,
2005; Sun and Cheng, 2002). The pretreated biomass may  contain
certain amount of lignin residues, yet they offer much more open
structures for cellulase to access cellulose (Donohoe et al., 2008).
Often the lignin residue still signiﬁcantly affect the effectiveness
of cellulases in several ways such as by limiting the accessibil-
ity of cellulase in substrate (Ishizawa et al., 2009; Rollin et al.,
2011), by unproductively adsorbing cellulase (Nakagame et al.,
2010; Berlin et al., 2005, 2006; Tu et al., 2007a,b), and by inhibiting
or deactivating cellulase by phenols arising from lignin degrada-
tion (Ximenes et al., 2010, 2011). Ideally pure cellulose is desired
to obtain the best enzyme activity, yet that requires substantial
energy and material inputs for pretreatment, and is often associ-
ated with signiﬁcant loss of valuable cellulosic sugars. Thus, most
enzymatic sugar releasing processes are expected to be conducted
Open access under CC BY-NC-SA license.in the presence of certain amount of lignin residues that may  not
present signiﬁcant accessibility hindrance to the enzyme.
Therefore, the role of unproductive enzyme adsorption is impor-
tant to the understanding of enzymatic hydrolysis of pretreated
cense.
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(150 rpm). Two enzyme loading levels, 3 and 15 FPU/g-glucan,
were tested. Aliquots of 0.2 ml  were taken at time intervals of36 Y. Zheng et al. / Journal of Bi
iomass. A recent study has revealed that residual lignin limited the
nzymatic hydrolysis of pretreated Loblolly pine and sweetgum (Li
t al., 2013). It has been well known that lignin can competitively
dsorb enzyme cellulase away from cellulose ﬁbers (Chernoglazov
t al., 1988; Ooshima et al., 1990; Palonen et al., 2004). Theoreti-
ally, adsorption on lignin is achieved mainly through hydrophobic
nteractions (Krogh et al., 2009; Palonen et al., 2004), different from
he strong speciﬁc afﬁnity binding on cellulose enabled by the
ellulose binding domain (CBD) of cellulases (Gilkes et al., 1992;
into et al., 2007). How does that mechanistic difference get trans-
ated quantitatively into adsorption behaviors and the role of such
dsorption behaviors are largely unknown.
. Materials and methods
.1. Materials
Microcrystalline Avicel cellulose (Avicel PH101, nominal parti-
le size 50 m)  and bovine serum albumin (BSA) were purchased
rom Sigma–Aldrich (Saint Louis, MO,  USA). Corn stover and rice
traw were obtained from local farms in the suburb of Beijing,
hina. Accellerase 1000TM (32.6 FPU/ml, 48.4 mg-protein/ml), a
ommercial cellulase preparation from Trichoderma reesei, was pur-
hased from Genecor Inc. (Rochester, NY, USA). Prior to being used,
he commercial enzyme preparation (a protein mixture) was  cen-
rifuged ﬁrst for 10 min  at 9700 × g using a high-speed refrigerated
entrifuge (Neofuge 23R, Heal Force, Shanghai, China) to precipitate
nsoluble contents; the supernatant was then puriﬁed further by
entrifugal ultra-ﬁltration with Mw cut-off of 10 kDa (Sartorius) to
emove small molecules. FPU of the cellulase was determined using
hatman No. 1 ﬁlter paper according to the procedure of IUPAC
Ghose, 1987). Sodium acetate, acetic acid, and other chemicals
ere all of analytical grade and purchased from Beijing Chemical
eagents Company (Beijing, China).
.2. Pretreatment of lignocellulosic biomass
Acid-pretreated corn stover (APC) was typically prepared with
0 g corn stover of 100–200 mesh in 200 ml  of 1% H2SO4 in a
00 ml  continuous-stirred-tank-reactor (CSTR) at 140 ◦C for 1 h.
team explosion pretreated corn stover (SPC) and steam explosion
retreated rice straw (SPR) with average size of 5 cm were pre-
ared by using steam explosion under 1.5 MPa  (humidity 34%) and
.5 min  treatment time [log(R) = 4.25] in 8.8-L stainless steel vessel
esigned by the Chinese Academy of Forest (Beijing, China) with
 maximum pressure of 4.0 MPa  (Chen and Liu, 2007). These pre-
reated substrates were then washed with 50–60 ◦C warm distilled
ater to a neutral pH and dried at room temperature before being
tored in plastic bags placed in a freezer (−20 ◦C). The chemical
ompositions (glucan, xylan, and lignin) of APC, SPC and SPR were
etermined following two-steps hydrolysis procedures using 72%
2SO4 as reported previously (Sluiter et al., 2004).
.3. Preparation of isolated lignin samples
Puriﬁed lignin samples were prepared by completely hydrolyz-
ng cellulose of APC, SPC and SPR samples. This was done by
ncubating the pretreated biomass samples with cellulase solu-
ion (50 FPU/g-glucan) in sodium acetate buffer (pH 4.8, 50 mM)
ith 0.02% NaN3 for 5 days at 50 ◦C under shaking (150 rpm). This
rocedure was repeated twice, with the sugar release yields mea-
ured approximately 81 and 18% respectively for each treatment
three biomass samples gave similar results). The lignin samples
ere further cleaned of residual protein by following a procedure
hat applied proteases as reported previously (Kumar and Wyman,
009). After overnight protease (Pronase K, Sigma) treatment inology 166 (2013) 135– 143
phosphate buffer (pH 7.4) at 37 ◦C, the lignin samples were heated
at 80 ◦C for 15 min  to inactivate the protease followed by washing
thoroughly ﬁrst with 50–60 ◦C warm distilled water, then salt solu-
tion (1.0 M NaCl), and ﬁnally distilled water again, 3–4 times for
each washing stage to remove the protease from lignin samples.
The prepared lignin samples were then dried at the room tem-
perature and frozen in plastic bags (−20 ◦C). The speciﬁc surface
area of the lignin and Avicel cellulose samples was  determined by
using Brunauer–Emmett–Teller (BET) method with a TriStar 3020
automated adsorption analyzer (Micromeritics, USA) with N2 as the
absorbance at −196 ◦C. Samples were degassed under ﬂowing N2
overnight at 100 ◦C prior to surface area analysis.
2.4. Adsorption of cellulase on cellulose and lignin
Adsorption of cellulase on cellulose and isolated lignin sam-
ples were conducted at 4 and 50 ◦C in 10 ml  of sodium acetate
buffer (pH 4.8, 50 mM)  solution under shaking (150 rpm). Biomass
samples were applied at a concentration of 1% (w/v). For the exper-
iments for adsorption kinetics, an initial cellulase concentration
of 1.5 mg/ml  was  applied. The mixtures were incubated for 12 h.
Aliquots of 0.2 ml  were taken at different time intervals (0, 0.25,
0.5, 1, 2, 4, 8, and 12 h) from the mixtures and were centrifuged
for 10 min  at 9700 × g on a high-speed refrigerated centrifuge
(Neofuge 23R, Heal Force, Shanghai, China). The remaining free
cellulase concentration in the supernatant solution was then deter-
mined by Bradford method (Bradford, 1976) with BSA as standard.
The cellulase adsorbed on biomass was calculated based on mass
balance. When the adsorptions were carried out at 50 ◦C, Avicel
system would undergo signiﬁcant hydrolysis (as much as 35% in
12 h). Speciﬁc enzyme adsorption was  determined at each sam-
pling point by accounting the amount of solid cellulose remaining
in the solution. Sugar concentration was determined by using an
Agilent HPLC unit equipped with a Bio-Rad Aminex HPX-87P col-
umn  maintained at 85 ◦C. Deionized (DI) water was  used as mobile
phase at a ﬂow rate of 0.6 ml/min. An evaporative light scatter-
ing detector (ELSD) (Model 3300, Alltech, USA) was used as the
detector.
For adsorption equilibrium experiments, cellulase concentra-
tion varied from 0 to 2 mg/ml, and the incubation time was set at
2 h for cellulose and 12 h for lignin at 4 ◦C, and at 1.0 h for cellulose
and 12 h for lignin at 50 ◦C under shaking (150 rpm). The con-
centration of remaining free cellulase in the supernatant solution
was then determined by using Bradford method (Bradford, 1976),
and the adsorbed protein was calculated from mass balance. Simi-
larly, the effect of loss of solid cellulose was  taken into account for
the calculation of speciﬁc enzyme adsorption. Experiments were
carried out with at least three duplicates, and the results were
expressed as average values. Fitting of adsorption equilibrium data
with Langmuir model equation was  conducted using a Nonlinear
Curve Fitting software package of Origin Pro8 SRO (OriginLab Cor-
poration).
2.5. Enzymatic hydrolysis of lignocellulosic substrates
Hydrolysis experiments were carried out by incubating sub-
strate solids (1%, w/v) along with cellulase in 10 ml  of sodium
acetate buffer (50 mM,  pH 4.8) at 50 ◦C for 72 h under shaking0, 2.0, 6.0, 12, 24, 48, and 72 h during incubation and were cen-
trifuged for 10 min  at 9700 × g. Concentrations of reducing sugars
in the supernatants were determined using HPLC (as mentioned
above).
Y. Zheng et al. / Journal of Biotechn
Fig. 1. SEM images (1000×)  of (a) Avicel cellulose, and lignin samples: (b) APCL, (c)
SPCL, (d) SPRL. (APCL, SPCL and SPRL refer to lignin samples puriﬁed from pretreated
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. Results and discussion
.1. Rate of competitive adsorption of cellulase on lignin and
ellulose
Previous studies on adsorption of cellulase on lignin were usu-
lly conducted at 4 ◦C (Kumar and Wyman, 2009). In this work,
e ﬁrst examined the adsorption behaviors of cellulase at both
 and 50 ◦C, whereas the latter is what preferred for the enzy-
atic hydrolysis of cellulose. Adsorption was conducted using a
ommercial cellulase preparation which was a partially puriﬁed
nzyme mixture (a cocktail with multiple enzyme activities) as
ave been conducted in previously reported studies. The adsorption
ata may  be affected by certain amount of protein impurities but
hould reﬂect the nature of the cellulase enzymes under the speci-
ed conditions. Puriﬁed lignin samples were prepared from dilute
cid pretreated corn stover (APCL), steam explosion pretreated corn
tover (SPCL) and steam explosion pretreated rice straw (SPRL).
he SEM images of the lignin samples, in comparison with those
or pure cellulose (Avicel), are shown in Fig. 1. Apparently the
ignin samples prepared in this way are much more porous than
he microcrystalline Avicel cellulose. The surface areas determined
rom BET porosity measurement (Fig. 2) for Avicel, APCL, SPCL and
PRL are 0.813, 3.50, 3.50 and 2.16 m2/g, respectively, similar to
ther reported results (Nakagame et al., 2011; Piccolo et al., 2010).
Fig. 2. BET-pore volume of Avicel (), APCL (), SPCL (), and SPRL ().ology 166 (2013) 135– 143 137
For an initial solution concentration of cellulase as 1.5 mg/ml,
it appeared that lignin and cellulose took about the same time
(∼1 h) to reach a stable adsorption equilibrium at 4 ◦C, although
the adsorption capacities of the lignin samples (varied from 1.79
to 2.09 mg/g) were about 15-fold lower than that of cellulose
(28.6 mg/g) (Fig. 3(a)). Such a big difference may be well attributed
to the binding selectivity of CBD of cellulase enzymes.
Interestingly, the rates of adsorption appeared to be very dif-
ferent for lignin and cellulose as the temperature increased. At
50 ◦C, cellulose adsorbed cellulase rapidly with a peak of adsorp-
tion of 26.6 mg/g reached within 0.25 h, which was  followed by
quick desorption of cellulase presumably caused by the initiation
of hydrolysis of the solid substrate (Fig. 3(b)). This complication
with reaction was  probably the primary reason for most adsorp-
tion studies have been conducted at 4 ◦C (Nakagame et al., 2010;
Nidetzky and Steiner, 1993; Tu et al., 2007a). The adsorption on cel-
lulose eventually reached a more stable state (may imply a steady
state balance of adsorption and reaction-related desorption) with
an adsorption of 18.1 mg/g (after being normalized to mass loss of
cellulose) retained through the rest of the test (12 h), about two-
thirds of the equilibrium adsorption at 4 ◦C.
Lignin, on the other hand, demonstrated a much slower adsorp-
tion process at 50 ◦C. It took over 12 h to eventually reach
adsorption equilibrium, with a ﬁnal adsorption about 10-fold
higher than that at 4 ◦C. Increase in temperature generally improves
adsorption kinetics, as it increases the diffusion coefﬁcient of the
protein in solution (external mass transfer) to reach the adsorption
surface. This is the typical case observed for cellulose. For lignin,
we tend to believe that the sluggish adsorption kinetics observed
at 50 ◦C may  indicate a phase transition related to the porous struc-
ture of the solid materials, triggered by elevated temperature, yet
accurate measurements on porosity change will be required for a
systematic study on this matter.
3.2. Adsorption isotherms of cellulase on lignin and cellulose
We further examined the adsorption capacities by determin-
ing adsorption isotherms of cellulase to Avicel and lignin samples
at 4 and 50 ◦C. Cellulase adsorption behaviors were known to
follow Langmuir model (Bernardez et al., 1993; Ooshima et al.,
1983), which has been applied widely to correlate the adsorption
isotherms of cellulases:
[ES] = Pmax[Ef ]
Kd + [Ef ]
(1)
where [ES] denotes the concentration of surface-adsorbed cellulase
(mg/g-solid), Pmax the maximum adsorption capacity, Kd the disso-
ciation constant (mg/ml), and [Ef] the concentration of free cellulase
in the solution at equilibrium (mg/ml). Langmuir model parame-
ters were determined by ﬁtting the experimental data of cellulase
adsorption with the above equation. Since the cellulase preparation
from T. reesei is a multi-enzyme complex, the adsorption deter-
mined on the basis of Bradford assay may also include the effect of
certain amount of background proteins. Nevertheless, as illustrated
in Fig. 4, the cellulase adsorption data for Avicel and lignin samples
at 4 and 50 ◦C were all described well by the Langmuir adsorp-
tion model. The determined Langmuir parameters, Pmax and Kd, for
all concerned adsorption systems are summarized in Table 1. At
4 ◦C, Pmax of Avicel was found to be 34.9 mg/g, similar to the results
reported previously by others (Beldman et al., 1987; Medve et al.,
1997). That was  above 10-fold higher than the adsorption capaci-
ties of the lignin samples, which varied between 1.91 and 2.35 mg/g
as determined under the same conditions. At 50 ◦C, Pmax of lignin
samples was  found in the range of 21.2–24.3 mg/g, about 10-fold
of what observed for 4 ◦C and even higher than the adsorption
capacities of Avicel, which was  determined as 18.6 mg/g.
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Fig. 3. Cellulase adsorption kinetics at 4 ◦C (a) and 50 ◦C (b) with a cellulase loading of 1.5
in  acetate buffer (pH 4.8). The content of cellulose and lignin samples was all set for 1% (w
Table 1
Cellulase adsorption capacities (Pmax) and dissociation constant (Kd) for Avicel and
lignin samples at 4 and 50 ◦C. Initial cellulase concentration was  controlled in the
range of 0.1–2 mg/ml in 50 mM pH 4.8 acetate buffer solution, concentration of solid
substrate was  1% (w/v). (APCL, SPCL and SPRL refer to lignin samples puriﬁed from
pretreated biomass including corn stover, steam explosion pretreated corn stover,
and steam explosion pretreated rice straw, respectively.).
Substrates 4 ◦C 50 ◦C
Pmax (mg/g) Kd (mg/ml) Pmax (mg/g) Kd (mg/ml)
Avicel 34.9 ± 1.73 0.17 ± 0.02 18.6 ± 0.62 0.13 ± 0.01
APCL 2.34 ± 0.15 0.37 ± 0.06 22.9 ± 1.53 0.47 ± 0.07
t
f
f
F
ﬁSPCL 1.91 ± 0.16 0.32 ± 0.07 21.2 ± 1.23 0.48 ± 0.06
SPRL 2.30 ± 0.11 0.24 ± 0.03 24.3 ± 1.16 0.48 ± 0.05The decrease in adsorption capacity as a result of increase in
emperature for Avicel matches well with what can be expected
or typical Langmuir adsorption. Theoretically, the van der Waals
orce based afﬁnity binding between the CBD and cellulose was
ig. 4. Adsorption isotherms of cellulase on Avicel cellulose () and lignin samples () AP
tting  by applying Langmuir equation. R2 was all greater than 0.99. mg/ml  for Avicel cellulose () and lignin samples () APCL, () SPCL, and () SPRL
/v).
considered responsible for the adsorption, affording an exother-
mic  and enthalpy-controlled process (Kim et al., 1988). Comparing
to that, the effect of temperature on adsorption to lignin appeared
to be abnormal. It was an apparently endothermic process. That
appeared to be a reﬂection of the hydrophobic interactions between
lignin and cellulase involved in their adsorption process (Eriksson
et al., 2002; Tu et al., 2007b, 2009), agreeing with the assumption of
an entropy-dominant adsorption process (Hjérten and Rosengren,
1974). In addition, it was  also believed that increasing tempera-
ture would alter protein molecular structures and thus have more
hydrophobic regions be exposed to surroundings (Bonomo et al.,
2006; Hjérten and Rosengren, 1974), therefore leading to enhanced
hydrophobic interactions. As a result, lignin adsorption capacity
increases. Such structural denaturation may  not be necessary sig-
niﬁcant enough to trigger apparent activity loss. It was reported
that activity of crude T. reesei preparation after 5 h thermal pre-
treatment without substrate was  only slightly reduced (Andreaus
et al., 1999), while another study reported that four puriﬁed T. reesei
CL, () SPCL, and () SPRL at 4 ◦C (a and b) and 50 ◦C (c and d). Solid lines were best
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ellulases components reached maximum values when tempera-
ure was increased to 55–60 ◦C (Baker et al., 1992). The hydrophobic
nteraction nature and changes in the porous structure of lignin may
oth have impacted the adsorption capacities of lignin signiﬁcantly,
s reﬂected by the 10-fold increase in Pmax when the temperature
as increased from 4 to 50 ◦C (Table 1).
.3. Effect of lignin-induced adsorption on enzymatic hydrolysis
f Avicel cellulose
In order to quantitatively assess the impact of lignin-induced
nproductive adsorption of cellulase on the yield of cellulose
ydrolysis, reconstituted lignocellulosic biomass mixtures were
repared by blending isolated lignin with Avicel cellulose. We
rstly set the mass ratio between added lignin and Avicel as 40:60
w/w), close to that found for most lignocellulosic biomass, with a
otal solid concentration controlled at 1% (w/v) in the reaction solu-
ion. The hydrolytic reaction with pure cellulose was  conducted as
 reference. When the hydrolysis was carried out at 4 ◦C, no appar-
nt release of glucose was detected. The test results for reactions at
0 ◦C are shown in Fig. 5. Fig. 5(a) shows results for a reaction with
 relatively low cellulase loading (3 FPU/g-glucan, corresponding to
.027 mg-enzyme/ml). Compared to reaction with pure Avicel, the
ddition of lignin only slightly reduced the hydrolytic reaction rate,
ith the ﬁnal glucose yield about 10% lower than that in the absence
f lignin at the end of 72-h reaction (Fig. 5(a)). However, when
ellulase concentration was increased to 15 FPU/g-glucan (corre-
ponding to an enzyme concentration of 0.136 mg/ml, close to 0.13
Kd)), the presence of lignin did not make any difference with the
ime course and the ﬁnal glucose yields were the same as those for
he reference reaction with Avicel (Fig. 5(b)).
Adsorbed cellulase during the hydrolysis process was also moni-
ored to provide insights on protein adsorption during the reaction.
ig. 5(c) and (d) shows the results. The overall adsorption patterns
atched the adsorption of cellulase on pure Avicel, with an adsorp-
ion peak reached within 1 h, followed by a bounce back-release
f adsorbed cellulase to solution, and eventually reached a stable
dsorption.
In the blended biomass systems containing 40% (wt) isolated
ignin and Avicel cellulose, the unproductive adsorption of cel-
ulase to lignin takes place in a competitive manner against
ellulose–cellulase adsorption (Berlin et al., 2005; Rahikainen et al.,
011). We may  expect that such a reaction system should follow
 typical competitive inhibition biocatalysis, viewing lignin as an
nhibitor. Accordingly, the reaction rate should be the same for reac-
ions with and without lignin when the cellulase concentration is
bove the Kd of cellulase–cellulose adsorption. It would be also rea-
onable to expect reduced reaction rate when the concentration of
nzyme is below the value of Kd.
A secondary factor that helps to minimize the effect of lignin
dsorption even beyond the consideration of Kd may  come from
ts slow adsorption kinetics. The adsorption of cellulase on Avi-
el (Figs. 3(b), 5(c) and 5(d)) took place in a very fast way (with
eak adsorption reached within 1 h), leaving much reduced amount
f cellulase in solution for the slower adsorption to lignin. That
eans even when reaction conducted at cellulase concentration
elow the Kd of cellulase–cellulose binding, the impact of lignin
an be expected to be little, at least for lignin content of 40% (wt)
n the blends examined in this case. That explains the insensi-
ivity of reaction rate to lignin when the enzyme concentration
as only close to Kd, and only 10% reduction was observed when
nzyme concentration is 5-fold lower than Kd. Overall it appeared
hat the when Avicel was blended with lignins from corn stover
nd rice straw, adsorption kinetics of cellulase may  regulate the
istribution of cellulose between cellulose and lignin during the
ynamic adsorption–reaction process, with an overall preferenceology 166 (2013) 135– 143 139
to cellulose at an extent even exceeding what is reﬂected by the
equilibrium parameters (the Kd’s). It is noteworthy though that
the chemical characteristic and pretreatment methods of lignin
samples may  also impact enzyme adsorption and reaction. It
was believed that softwood-derived lignin were prone to inhibit
the hydrolysis of cellulose more than lignin from hardwood and
herbaceous (Berlin et al., 2005, 2006). When blended with Avicel,
isolated lignin from lodgepole pine and steam pretreated poplar
also reported to inhibit the hydrolysis yield a lot more than isolated
lignin from corn stover (Nakagame et al., 2010). An attempt at cor-
relating such different adsorption properties of lignin samples in
terms of binding strength of cellulase on lignin (Pmax/Kd) has been
suggested by Nakagame et al. (2011). Overall, porosity, adsorption
kinetics and binding selectivity, along with chemical characteris-
tics may  all present signiﬁcant impacts on enzyme adsorption on
lignin samples.
To quantitatively examine the effect of adsorption equilibrium
combined with kinetic differences, adsorption experiments of cel-
lulase on Avicel, lignin samples, and their blends, were conducted at
conditions identical to those of hydrolysis reactions, with adsorp-
tion time was set for 1 h. Results with cellulase loading of 3 and
15 FPU/g-glucan are listed in Table 2. To quantitatively assess the
adsorption competitiveness, we  deﬁned an effective adsorption
factor for cellulose, f(C), by the following equation:
f(C) =
[ES](C+L) − [ES](L)
[ES](C)
(2)
where [ES](C) and [ES](L) denote the adsorption of enzyme (1 h)
adsorbed on Avicel cellulose and lignin samples, respectively, when
they were tested separately with the same initial enzyme concen-
tration; and [ES](C+L) the total adsorption of enzyme observed for
blended Avicel and lignin, under the same initial adsorption con-
ditions. The values of f(C) should reﬂect the competition between
cellulose and lignin, with a value of 1 denotes no effect of lignin, i.e.,
adsorption to cellulose reaches saturation ﬁrst even in the presence
of lignin. The results are summarized in Table 2, values of f(C) are in
the range of 0.87–0.99 in the presence of lignin. At the lower con-
centration of cellulase (3 FPU/g-glucan), cellulose absorbed 8–13%
less cellulase when lignin was  added, similar to reduction ratios
in apparent reaction rate. When the cellulase concentration was
raised to 15 FPU/g-glucan, the effectiveness of cellulase binding to
cellulose (f(c)) was  close to 1, and reaction rates were close to 100%
of that without lignin. Generally the deviation of f(C) from 1 agrees
very well with the reduction of apparent reaction rate of cellulose
hydrolysis as a result of addition of lignin (see Table 2).
We further tested a broader range of lignin content, ranging
from 20% to 80% (wt). The cellulase loading was  set for 3 FPU/g-
glucan. For each blend, the relative rate of Avicel hydrolysis reaction
at 72 h was determined, and the corresponding effectiveness of cel-
lulase binding to cellulose (f(c)) was  determined. The data of f(c) and
the relative rate of Avicel hydrolysis reaction are listed in Table 3. A
graphical comparison between f(c) and observed relative reaction
rate (by taking reaction rate of pure Avicel as 100%) is shown in
Fig. 6, which demonstrates an excellent correlation between the
two parameters.
3.4. Lignin-induced steric hindrance deﬁned by adsorption
capacities
In the above tests with blended lignocellulosic biomass sys-
tems, both of the solids are exposed to cellulase adsorption. As a
result, the impact of lignin is minimal and can be eliminated by
increasing enzyme concentration to above the value of Kd. When
pretreated biomass prepared from integral lignocellulosic biomass
was applied, lignin may  still signiﬁcantly hamper the enzymatic
140 Y. Zheng et al. / Journal of Biotechnology 166 (2013) 135– 143
Fig. 5. The hydrolysis proﬁles of Avicel cellulose and different blended lignocellulose systems with cellulase loading of 3 (a) and 15 FPU/g-glucan (b). Reactions were conducted
with  solids concentration as 1% (w/v) in 50 mM acetate sodium buffer (pH 4.8). The yield (%) was determined based on the sugar relased relative to the total sugar content in
the  cellulosic substrated added. Adsorbed cellulase during the hydrolysis process was also determined as a function of time and shown in (c) and (b), for cellulase loading at
3  and 15 FPU/g-glucan, respectively. () Avicel, () Avicel + APCL, () Avicel + SPCL, and () Avicel + SPRL. Mass ratio of Avicel:lignin was 60:40 for each blends of Avicel and
pretreated lignin material.
Table 2
Effect of competitive adsorption of lignin on hydrolysis of cellulose at 50 ◦C. Mass ratio of lignin to Avicel was set for 40:60.
Cellulase loading Substrates Cellulase adsorption Relative rate of reactione
[ES](C+L) a (g) [ES](C) b (g) [ES](L) c (g) f(C) d
3 FPU/g-glucan
Avicel – 12.59 ± 0.50 – 1 100
Avicel + APCL 15.38 ± 0.62 11.54f 3.84 ± 0.38 0.92 88.65
Avicel + SPCL 15.28 ± 0.61 11.35f 3.94 ± 0.39 0.90 90.54
Avicel + SPRL 15.57 ± 0.62 10.95f 4.62 ± 0.32 0.87 88.22
15  FPU/g-glucan
Avicel – 48.63 ± 0.89 – 1 100
Avicel + APCL 52.75 ± 0.78 48.34f 4.42 ± 0.53 0.99 98.99
Avicel + SPCL 51.95 ± 0.84 47.58f 4.37 ± 0.53 0.98 98.91
Avicel + SPRL 53.01 ± 0.82 48.60f 4.42 ± 0.63 0.99 98.97
a [ES](C+L) presents the total amount of adsorbed cellulase after incubating with 1 ml  solution containing 6 mg  Avicel cellulose and 4 mg/ml lignin for 1 h.
b [ES](C) presents the amount of cellulase adsorbed on 6 mg  Avicel cellulose in 1 ml solution after 1 h incubation at 50 ◦C.
c n after ◦
eriod
h
h
s
c
b
t
f
a
2
T
E
F[ES](L), presents the amount of cellulase adsorbed on 4 mg lignin in 1 ml  solutio
d Values calculated from Eq. (2).
e The relative rate of reaction was determined using the yield of reaction over a p
f Values derived by subtracting [ES](C+L) by [ES](L).
ydrolysis of cellulose by physically blocking the cellulose – a steric
indrance effect (Kumar and Wyman, 2009; Selig et al., 2007). In
uch a case, both unproductive adsorption and steric hindrance
ontribute to the recalcitrance of the pretreated lignocellulosic
iomass (Várnai et al., 2010). While some efforts may  emphasize
he effect of adsorption, thereby considering the addition of dif-
erent chemicals (surfactant or BSA) in attempt to block protein
dsorption sites of lignin residues (Sinha et al., 2000; Wang et al.,
011), others may  focus on cellulose accessibility by suggesting
able 3
ffect of competitive adsorption of lignin on hydrolysis of cellulose at 50 ◦C with ligni
PU/g-glucan.
Lignin content (%) APCL SPCL 
20 40 60 80 20 
f(c) a 0.95 0.92 0.71 0.39 0.93 
Relative rate of reactionb 90.0 88.6 76.0 52.7 94.8 
a Values calculated from Eq. (2).
b The relative rate of reaction was determined using the yield of reaction over a period 1 h incubation at 50 C.
 of 72 h, with that of Avicel in the absence of lignin was set for 100%.
more extensive pretreatment (Ishizawa et al., 2009; Rollin et al.,
2011). Currently, we lack a simple quantitative assessment of the
relative signiﬁcance of the two factors for a given biomass sample.
Having the impact of lignin adsorption being quantiﬁed as dis-
cussed above, we  may  now quantify the steric hindrance of lignin
of pretreated biomass samples, thus allowing evaluation of the
effectiveness of pretreatment by quantifying the accessibility of
cellulose. To demonstrate this, pretreated lignocellulosic biomass
samples were prepared in this work. The composition of the
n content in the blends ranging from 20 to 80% (wt). The cellulase loading is 3
SPRL
40 60 80 20 40 60 80
0.90 0.86 0.54 0.92 0.87 0.74 0.41
90.5 79.5 58.5 92.8 88.2 81.0 46.2
 of 72 h, with that of Avicel in the absence of lignin was set for 100%.
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Fig. 6. Correlation of competitive adsorption factor (f(C)) to rate of cellulose hydrol-
ysis  in the presence of different amounts of added lignin. The mass ratio of lignin
(added) to Avicel was  varied from 20:80, 40:60, 60:40 and 80:20, with experiments
conducted at 50 ◦C. () Avicel + APCL, () Avicel + SPCL, and () Avicel + SPRL.
Table 4
Biomass compositions of different biomass samples. (APC, SPC and SPR denote pre-
treated corn stover, steam explosion pretreated corn stover, and steam explosion
pretreated rice straw biomass samples, respectively.).
Substrates % glucan % xylan % lignin
APC 59.7 2.1 28.7
SPC  58.9 2.4 33.8
p
S
w
c
c
p
ﬁ
A
b
t
o
s
F
c
pSPR  56.7 2.5 35.6
Avicel 96.5 1.8 0
retreated biomass (not the lignin samples) including APC, SPC and
PR was determined and provided in Table 4. Hydrolysis reactions
ere conducted with 1% (w/v) solid substrate at 50 ◦C with cellulase
oncentration kept at 3 or 15 FPU/g-glucan. Fig. 7 indicates that in
omparison to Avicel, the pretreated lignocellulosic biomass sam-
les (APC, SPC and SPR) showed much slower reaction rates with
nal hydrolysis yields about 40–60% lower than that observed for
vicel. As shown in Table 4, the content of lignin of the pretreated
iomass samples was generally lower than 40%, at which content
he addition of isolated lignin only led to less than 10% reduction
f apparent reaction rate of cellulose hydrolysis for the blended
amples tested above (see Table 2). Apparently, lignin-induced
ig. 7. Time course of enzymatic hydrolysis of cellulose with different pretreated biomass
oncentration was 1% (w/v) in acetate buffer (50 mM,  pH 4.8). () Avicel, () APC, () SP
retreated corn stover, and steam explosion pretreated rice straw biomass samples, respology 166 (2013) 135– 143 141
steric hindrance is the key contributing factor of the recalcitrance
of the biomass samples while unproductive adsorption plays a
negligible role until the lignin content higher than 40% as dis-
cussed above. Results from other research also suggested that that
increasing cellulose accessibility is more important than increas-
ing deligniﬁcation for greater hydrolysis of cellulose in pretreated
lignocellulosic biomass (Kumar et al., 2012; Rollin et al., 2011).
The apparent binding of cellulase to the cellulose portion of a
biomass has been suggested recently by subtracting the theoretical
adsorption of lignin from the total adsorption capacity of a biomass
(Kumar and Wyman, 2009):
P[cellulose] =
P[solids] − P[lignin]Lw
Cw
(3)
where P[cellulose] is the actual speciﬁc adsorption capacity of cellu-
lase to cellulose, P[solids] is the total observed speciﬁc adsorption
capacity of a lignocellulosic biomass sample, while P[lignin] is the
maximum speciﬁc adsorption capacity of lignin; Lw and Cw are
weight fractions of lignin and cellulose in the biomass, respectively.
Although P[cellulose] can be used as a quantitative index of the
access of cellulase to cellulose, it has been deﬁned in form of an
apparent adsorption capacity with a value that may  vary with the
unit of concentration applied in the calculation. To provide a dimen-
sionless relative index to characterize the accessibility of cellulose
in assessing the effectiveness of pretreatment, we deﬁne herein a
steric hindrance factor (H) in the following:
H = 1 − P[solids]
Pmax(C)Cw + Pmax(L)Lw
(4)
where P[solids] is the same as in Eq. (3), i.e. the speciﬁc adsorption
capacity of a lignocellulosic biomass sample, and the maximum
adsorption capacities of cellulose (Pmax(C)) and ligin (Pmax(L)) can be
those determined for pure cellulose and lignin, as those given in
Table 1. H should vary from 0 to 1, providing an index reﬂecting
hindrance of the biomass against enzyme access on a relative basis,
with 1 indicates complete blocking, and lower values denote less
blocking of cellulose by lignin.
The data of Lw and Cw of the biomass samples examined in this
work have been provided in Table 4. By applying the maximum
adsorption capacity data of lignin and cellulose (given in Table 1)
and that of pretreated biomass samples (P[solids], measured),
we determined both apparent speciﬁc adsorption to cellulose
 samples. Cellulase concentration was 3 (a) and 15 FPU/g-glucan (b), solid substrate
C, and () SPR. (APC, SPC and SPR denote pretreated corn stover, steam explosion
ectively.)
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Table 5
Steric hindrance of lignin to the cellulase in comparison to apparent reaction rates.
Substrates P[solids] (mg/g) P[lignin] (mg/g) P[cellulose] (mg/g)a Hb 72-h hydrolysis yield (%)
3 FPU/g-glucan 15 FPU/g-glucan
Avicel 34.9 ± 1.73 – 34.9 0c 100d 100e
APC 12.2 ± 0.65 2.34 ± 0.15 13.3 0.43 60.2 65.6
SPC  10.6 ± 0.32 1.91 ± 0.16 16.9 0.50 51.4 58.8
SPR  8.03 ± 1.30 2.30 ± 0.11 12.7 0.61 41.5 43.5
a Values calculated from Eq. (3).
b Values calculated from Eq. (4).
(
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H
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Ac The H of pure cellulose of Avicel was set for 0.
d The 72-h hydrolysis yield of Avicel at 3 FPU/g-glucan was  set for 100%.
e The 72-h hydrolysis yield of Avicel at 15 FPU/g-glucan was set for 100%.
P[cellulose]) (according to Eq. (3)) and the steric hindrance factor H
Eq. (4)).
The results are provided in Table 5. From that, the hindrance fac-
or H of the biomass samples varied between 0.43 and 0.61, with
hat of Avicel deﬁned as 0. Overall, the value of H correlates well
o the observed apparent reaction rates. By applying H,  which only
equires a quick adsorption test with a biomass sample, we may
e able to evaluate the effectiveness of a pretreatment of biomass
uickly without running lengthy hydrolysis reactions. It is note-
orthy though that variation in pretreatment process and origins
f biomass may  affect the adsorption of cellulase greatly. It has
een reported that the apparent cellulase adsorption capacity of
ardwood-derived lignin was about 20 times higher than that of
ellulose (Timothy et al., 1993). In that case, experimental work
ay  be required to evaluate the validity of the proposed model.
. Conclusions
The effects of two factors, unproductive adsorption and steric
indrance of lignin were quantitatively examined in the cur-
ent work. The results showed that the effect of unproductive
dsorption is minimal for most cases under typical hydrolytic reac-
ion concentrations. Both the adsorption capacities and kinetics
f lignin-induced adsorption were evaluated, and the suggested
ffective adsorption factor on for cellulose, f(C), should be a good
ndex reﬂecting differences in adsorption equilibrium and kinet-
cs between cellulose and lignin. On the other hand, it appeared
he steric hindrance of lignin remained as the major limiting
actor on the enzymatic hydrolysis of pretreated lignocellulosic
iomass. Enzymatic hydrolysis reactions showed that the pre-
reated lignocellulosic substrates afforded sugar release rates that
ere 40–60% lower than that of Avicel, matching very well with
uggested hindrance factor, H, which can be evaluated using maxi-
um adsorption capacities of lignin and cellulose. Determination of
 requires only simple adsorption tests, thus it may  provide a quick
ssessment on effectiveness of pretreatment of biomass materials.
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